ABSTRACT: Backdraft is a limited-ventilation fire phenomenon closely linked to the unburnt gases accumulated in the fire compartment just before creating an opening that allows a new supply of oxygen to enter the compartment. The aim of this article is to help understanding the influence of gas species such as hydrocarbon C m H n , water, carbon dioxide, oxygen, and nitrogen on backdraft probability. The influence of increasing the number of moles of the above gas species as well as the number of atoms of carbon, hydrogen, and oxygen in the fuel composition is analyzed. For this purpose, a diffusion flame limit criterion based on Le Chatelier's rule is used. In order to verify the obtained results, validation with 41 backdraft experiments is carried out.
INTRODUCTION
BACKDRAFT CAN DEVELOP from fires of either ordinary combustibles or ignitable liquids that become oxygen starved yet continue to generate a fuel-rich environment in a building with limited ventilation. If fresh air is allowed to flow into the vitiated space, such as by opening a door or breaking a window, a gravity current of air will flow into the compartment while the hot fuel-rich gases flow out through the top of the opening. Once a localized flammable mixture is formed and is in contact with an ignition source, the fuel-rich gases will combust acutely, the temperature will rise rapidly and the fire will develop into a deflagration. The deflagration will cause the gases to heat and expand within the compartment, thus forcing unburnt gases out of the opening ahead of the flame front. These gases will mix with additional air outside the fire compartment. As the flame crosses through the building and penetrates the doorway, it ignites the gases outside the space resulting in a fireball and a blast wave.
Several authors have studied this fire phenomenon [1] [2] [3] [4] . One of the main conclusions obtained from these studies shows that backdraft is closely linked to the mass concentration of hydrocarbon C m H n accumulated just before the opening time. For that reason, in the following sections the influence of gas species as well as the number of atoms of carbon, hydrogen, and oxygen in the fuel composition is analyzed using a diffusion flame limit criterion.
DIFFUSION FLAME LIMITS CRITERION
Flammability limits for diffusion flames were first examined by Simmons and Wolfhard [5] . In their experiments, they determined the minimum level of dilution of the oxidant stream necessary to prevent the stabilization of a diffusion flame for a variety of gas and liquid fuels. The oxygen mole fraction, O 2 , of the oxidant stream at the flammability limit is known as the limiting oxygen index. They observed that the limiting oxygen index of their diffusion flames equaled to the ratio, O 2 =ð O 2 þ diluent Þ, found in a premixed stoichiometric limit mixture involving the same fuel. This implies that the adiabatic flame temperature for the limit diffusion flame, calculated on the basis of stoichiometric combustion of the fuel and oxidant stream, is equal to the adiabatic flame temperature at the stoichiometric limit of a premixed system involving the same fuel, oxidant, and diluent.
Ishizuka and Tsuji [6] , verified Simmons and Wolfhard's results for methane and hydrogen, and showed that the adiabatic flame temperature at the flammability limit is small whether the dilution is of the fuel or oxidant stream. This conclusion forms the basis of a method for the evaluation of diffusion flame limits for fuel mixtures. In essence, the ability of a fuel and oxidant pair to react in a diffusion flame is evaluated by examining the flammability of a premixed stoichiometric mixture of the fuel and oxidant [7] .
To do this, it is assumed that Le Chatelier's rule holds at the stoichiometric limit, Equation (1) , and that the adiabatic flame temperature at the stoichiometric limit for each fuel is a constant. These lead to Equation (2) .
where . C i is the percent volume of fuel species i, when the fuel stream is mixed stoichiometrically with the oxidant mixture. . SL i is the percent volume of the fuel species i in its flammability limit. . T f,SL,i is the adiabatic temperature of the stoichiometric limit mixture for fuel species i, expressed in K. . T o is the temperature of the stoichiometric mixture prior to reaction, also expressed in K. . ÁH c,i is the heat of combustion of the fuel species i. . n p is the number of moles of combustion products per mole of reactant (stoichiometric mixture of the fuel and oxidant streams). . C p is the specific heat of the combustion products; for convenience, constant average specific heats will be used in the calculations.
This number calculated on the left hand side of Equation (2) is referred in this article as Le Chatelier's number. If, for a given mixture, Le Chatelier's number is higher than 1.0 the mixture might become flammable and therefore, backdraft can occur if a hot element comes into contact with the flammable region along the gravity current interface; on the contrary, if this number is lower than 1.0 the mixture cannot become flammable and backdraft cannot occur even with a new supply of fresh air.
In Table 1 [8], the adiabatic flame temperature of the stoichiometric limit mixture and the heat of combustion for some common fuel species is given. Table 2 shows the specific heat at 1000 K of typical combustion products [8] .
VALIDATION OF THE DIFFUSION CRITERION
The validity of the diffusion flame limit criterion is checked with the backdraft experiments carried out by Weng et al. [3] and Fleischmann et al. [1] . A brief description of the experiments is given below.
The dimensions of the experimental apparatus used by Weng and Fleischmann are, respectively, 1.2 m Â 0.6 m Â 0.6 m, and 2.4 m Â 1.2 m Â 1.2 m (length, height, depth). A methane burner was placed against the wall opposite to the wall with the opening. Figure 1 shows a schematic view of the apparatus with the side panel removed to show the gas burner and the thermocouple tree in the compartment. To ignite the combustible mixture in the compartment, an electrical heated metal wire provided an ignition source.
Three different positions of the opening were studied in Weng's experiments: upper slot opening, middle slot opening, and lower slot opening ( Figure 2 ), and only one position in Fleischmann's experiments: middle slot opening. All of these openings were placed against the wall opposite the gas burner. Table 2 . Specific heat of typical combustion products at 1000 K.
Gas species C pi (1000 K) In their experiments, they recorded the species concentration of hydrocarbon (HC), carbon dioxide (CO 2 ), carbon monoxide (CO), and oxygen (O 2 ) just before opening the window that would create the gravity current of fresh air. The concentration of nitrogen (N 2 ) and water (H 2 O) were calculated based on the equation for oxidation of methane. The upper and lower temperatures were also recorded. Tables 3 [11 Influence of Gas Species on Backdraft Probability which the burner gas flowed. Columns 5-9 give the compartment species concentration at the opening for hydrocarbon, HC, carbon monoxide, CO, carbon dioxide, CO 2 , and oxygen, O 2 . Column 7 is the sum of Columns 5 and 6. Columns 10 and 11 are the results calculated from the thermocouple tree data for the upper layer temperature, T U , and lower layer temperature, T L . Column 12 indicates whether backdraft occurred or not during the test. Column 13 shows Le Chatelier's number, Equation (2), for each case. The results of the last column have been obtained by assuming a heat of combustion for methane of 800 kJ/mol and an efficiency of 0.8.
When applying Equation (2) to these experiments, the mole fraction of each gas species is needed. However, the data given in Tables 3 and 4 are expressed in mass fraction and, in addition, the concentration of water H 2 O and nitrogen N 2 are not given. Therefore, the mole fraction cannot be obtained directly. Consequently, the methodology described below is used.
The following overall reaction for the methane is assumed to occur in the compartment:
where a, b, c, d, e, f, g, and h represent the moles of each gas species. The sum of the mass fractions of the combustion products must fulfill Equation (4):
Considering that the total mass of the mixture is 1 kg, Equation (4) can be expressed as Equation (5) where m i represents the mass of gas species i.
The moles of each gas species such as carbon dioxide, carbon monoxide, methane, and oxygen can be obtained easily by dividing with their molecular weight, MW i , respectively. Thus, it remains to calculate the moles of nitrogen, water and, consequently, the total quantity of moles in the mixture. The moles of nitrogen can be obtained approximately using Equation (7). This Equation is obtained by simple oxygen balance Fleischmann [9] using the stoichiometric reaction defined by combustion to CO 2 , see Equation (6) 
It can be observed in Equation (6) that one mole of oxygen must be accompanied with 3.76 moles of nitrogen and one mole of CO 2 is formed when 2 moles of oxygen reacts with methane; therefore one mole of CO 2 must be accompanied with 3.76 Â 2 moles of nitrogen. That is, knowing the number of moles of oxygen accumulated in the container at the moment of opening, the number of moles of nitrogen that accompany it is obtained. In a similar manner, the number of moles of nitrogen that accompany the number of moles of CO 2 can be obtained, see Equation (7) .
Then, mol H 2 O can be obtained by Equation (4) and MW H 2 O . Once mol N 2 , and mol H 2 O have been obtained, the molar fraction of each gas species in the mixture can be obtained and Equation (2) can be used to predict the occurrence of backdraft. Comparing on Figure 3 the experimental results against those of Equation (2), one may observe a rather good correspondence, especially for the tests of Weng (cases 1-24). It is clearly seen that for Le Chaterlier's numbers higher than 1.0, the risk of backdraft is possible but it does not mean that backdraft is going to occur (e.g., P3EXP38).
There are a few cases (e.g., case 13 and 21) which have a Le Chatelier's number less than 1.0 backdraft nevertheless occurred. The lowest value of Le Chatelier's number in which this phenomenon occurred is 0.96. A variation from 1.0 to 0.96 corresponds to a decrease in the volume concentration of the hydrocarbon (methane) of only 8%.
One may also note that P3EXP28 and P3EXP29 show two similar backdraft conditions with two different outcomes. The first one does not reach backdraft, whereas the second one does. Similar cases have been found in the literature. That indicates that backdraft may be a stochastic phenomenon, assuming that the experimental measurements and results are reasonably accurate.
The average value of the Le Chatelier's number for the cases when backdraft occurred is 1.14, whereas it is 1.01 when no backdraft occurred.
PARAMETRIC STUDY: INFLUENCE OF GAS SPECIES ON BACKDRAFT PROBABILITY
In this section the risk of backdraft is established according to the type of gas species accumulated in the compartment. For that purpose, a general mixture is considered which consists of C-H-O constituent fuel, carbon dioxide, oxygen, nitrogen, and water, Equation (8) , at opening is evaluated using Le Chatelier's rule, Equation (2) . 
Influence of Gas Species on Backdraft Probability
The studied parameters examine the influence of varying:
. The moles of fuel. The reference case in which methane is used as fuel is defined in Table 5 . A single parameter is modified at a time, whereas the other parameters remain unchanged. Figure 4 shows the results obtained concerning the influence on the risk of backdraft of increasing the moles of fuel, carbon dioxide, oxygen, nitrogen, and water. The horizontal axis represents the moles of gas species and the vertical axis represents the Le Chatelier's number. The four X marked on the figure at the level 0.90 represent the reference case. According to the proposed model, the mixtures with a Le Chatelier's number above 1 could be flammable and lead to backdraft, whereas a mixture below this value is not flammable and backdraft can not occur.
It can be observed that increasing the amount of moles of oxygen and/or fuel increases the risk of having a flammable mixture (more heat is available for reaching the temperature that ignites the mixture). The opposite effect is observed for water, nitrogen, and carbon dioxide. With these gases, a higher amount means a lower risk of having a flammable mixture since a great part of the available heat is used to heat these inert species.
According to this figure, to become inert a flammable mixture should use CO 2 or H 2 O as the inert species since a lower quantity of moles is needed than in the case when N 2 is used. The reason lies in the specific heat, see Table 2 .
The same kind of study is carried out about the number of atoms of C, H and O in the fuel. Note that changing the number of C, H, or O also entails a change in the combustion heat of the fuel examined (Equation (10)). Figure 5 shows the obtained results. The horizontal axis represents the number of atoms and the vertical axis represents the Le Chatelier's number.
Increasing the number of C and H increase the Le Chatelier's number and therefore, the risk of having a flammable mixture. The opposite effect is obtained with atoms of O.
The effect of oxygen contained in the fuel on Le Chatelier's number is justified as follows; since in the parametric study Equation (11) has been used for obtaining the combustion heat of the fuel, when increasing oxygen content in the fuel, the amount of oxygen needed for the stoichiometric combustion decreases until the moment it becomes zero or less than zero. 
Note that Equation (11) is obtained by assuming that the heat released per gram of O 2 consumed is independent of the fuel that reacts and has an approximate value of 12.5 kJ/g(O 2 ) [10] .
The physical representation of this idea could be explained by one of the following:
. The fuel does not exist in reality. . The fuel is not combustible.
According to Figure 5 , having a fuel with higher number of atoms of C is more dangerous than having a fuel with a higher number of atoms of H. In terms of risk, nine atoms of H (hydrogen) are equivalent to two atoms of C (carbon).
CONCLUSIONS
A diffusion flame criterion is used to evaluate the risk of having backdraft in a compartment. This criterion has been validated with 41 backdraft tests, which have provided good predictions.
Among these backdraft tests, several cases have been found with similar conditions just before the opening time but resulting in different outcomes: occurrence of backdraft or not. If the experimental measurements can be assumed to be reasonably accurate, this indicates that backdraft may be a stochastic phenomenon.
A parametric study for establishing the influence of the composition of the flammable mixture on the risk of backdraft has been carried out. It reveals that an increase in the quantity of gas species that participate in the combustion such as hydrocarbon or oxygen increases the risk of backdraft. The same conclusion is obtained when increasing the number of atoms of carbon and hydrogen of the fuel. On the contrary, an increase in the quantity of gas species such as nitrogen, carbon dioxide, and water which do not participate in combustion as well as in the number of atoms of oxygen of the fuel reduces the risk of backdraft.
The results provide us with knowledge on the backdraft phenomenon that can be used for fire fighting. The knowledge can also be useful for building design; for example, knowing that fuels with a higher number of carbons increase the risk of backdraft, the materials of the partitions can be taken into consideration in view of this effect.
It would be of interest to carry out experiments with gases other than methane in order to further investigate the criterion for backdraft occurrence proposed in this work.
